In magnetic resonance imaging (MRI) performed at fields of 1 T and above, the presence of a metal insert can distort the image because of susceptibility differences within the sample and modification of the radiofrequency fields by screening currents.
Introduction
In magnetic resonance imaging (MRI) of patients with metallic implants or in imageguided biopsy performed with a metallic needle, one is evidently required to perform MRI in the presence of metal. At the magnetic fields of 1.5 tesla and above used in clinical MRI scanners, metallic objects can not only be a safety hazard [1] for the patient but can produce troublesome artifacts in the MR image [2, 3, 4, 5, , ] . There are two sources of these artifacts: susceptibility differences between the metal and the surrounding tissue, and radiofrequency (RF) screening by the metal. The 6 7 susceptibility difference between the metal and the surrounding material [2, 4, 6] causes a local magnetic field inhomogeneity which is proportional to the measurement field B 0 , resulting in both a shorter relaxation time T 2 * and a local change in precession frequency.
The reduction in T 2 * causes local dephasing, which has a serious effect in gradient echo sequences with long echo times; however, in the spin echo sequences used for all images presented in this paper, this effect is negligible. The local change in precession frequency gives rise to image distortion along the frequency encoding direction. Schenck [4] estimates the maximum spatial distortion due to a susceptibility change Δχ at the boundary between two different materials to be
where G R is the readout gradient. Thus, for a given susceptibility difference Δχ, the distortion can be minimized by lowering the measurement field B 0 and/or raising the gradient G R . This reduction in distortion was demonstrated, for example, by Tseng et al. [8] with MRI of hyperpolarized 3 He at a measurement field of 2.1 mT.
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The second effect of a metal object on nuclear magnetic resonance (NMR) and MRI is its interaction with the RF excitation pulses and the subsequent NMR signal [5, 6, 7] .
These pulses induce eddy currents in the metal that generate magnetic screening fields.
At frequency f these currents flow in the skin depth δ = ( πµ 0 μσf)
the length scale on which an RF field falls to 1/e of its surface value; μ 0 is the permeability of the vacuum and μ and σ are the relative permeability and electrical conductivity of the material. In the case of a piece of metal buried in the sample, the resultant RF inhomogeneity can result in a signal diminuition or enhancement, particularly near the metal [ ] 9 . These artifacts dominate over susceptibility artifacts for metals with high conductivity and low susceptibility, for example, copper or aluminum, whereas for materials with low conductivity and high susceptibility such as titanium they are small compared to susceptibility artifacts [5, 6, 7] .
If the sample or part of the sample is completely enclosed in a metal container, screening of both the applied RF field and the detected RF NMR signal is the dominating effect. For example, at the 64 MHz proton frequency of a 1.5 T MRI system, the skin depth δ  is about 8 μm for copper at room temperature, so that even thin pieces of copper screen both the RF pulses and the NMR signal significantly. However, if the field is lowered, for example to 1 mT ( proton frequency 43 kHz), the skin depth of copper increases to about 0. Although reducing B 0 and thus the NMR frequency reduces artifacts and screening substantially, the signal amplitude in traditional Faraday-detected MRI scales as B 0 2 in the low-field limit [11] . One approach to improving the SNR at very low fields is to take advantage of the large NMR signal available from hyperpolarized noble gases [8, 12, 13] . Another method is to prepolarize the sample in a field B p and to perform encoding and detection in a much lower measurement field B 0 [14, 15] ; both fields can be generated by copper coils. However, as long as Faraday coil detection is used, the signal amplitude still scales with B 0 . This loss of sensitivity at low magnetic fields can be circumvented by detecting the signal with a Superconducting QUantum Interference Device (SQUID) [16] coupled to an untuned, superconducting flux transformer. The combination of enhanced polarization and employing SQUID detection results in a SNR that is independent of the measurement field B 0 , thereby allowing NMR and MRI investigations at very low magnetic fields. For example, prepolarization at 100 to 300 millitesla fields and SQUID detection at 5.6 kHz ( precession field 132 µT) have been used to acquire two-dimensional proton MR images of water and oil phantoms [ , ] 17 18
and three-dimensional in vivo images of a human forearm and fingers [ , 19 20] .
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In this paper we use prepolarization and SQUID-detected MRI to investigate the influence of both metal objects within the sample and nonmagnetic metal enclosures around the sample on the image quality at 66 µT, and compare the results with images obtained at high magnetic fields ( > 4T).
Experimental configuration
Our SQUID-detected MRI system [17, 18, 19, 20] is shown schematically in Fig referred to the lowest loop of the gradiometer. An array of Josephson tunnel junctions [18] protects the input circuit from the large transient currents that would otherwise be produced by the polarizing pulse. The SQUID and gradiometer are immersed in liquid helium in a dewar [21] which generates negligible magnetic noise. To attenuate external noise further, the entire experiment is enclosed in a 3-mm-thick aluminum shield which attenuates the noise at 2.8 kHz by about a factor of 5.
The polarizing coil, wound out of braided copper wire to reduce its noise contribution [18] , produces a field along the x-direction and is placed below the tail of the dewar with sufficient clearance to accommodate the sample [ Fig. 1 (a) 
Results and Discussion

Susceptibility artifacts in MRI in the presence of a titanium bar
To investigate susceptibility artifacts we acquired images of grid-phantoms filled with water containing a 1.5 mm x 10 mm x 15 mm titanium bar (χ Ti ≈ 180x10 
Screening of excitation pulse and MRI signals by metal enclosures
To investigate the screening of the excitation pulse and the NMR signal we acquired 2D images of phantoms at both microtesla and tesla fields with and without a metal enclosure. The phantom consisted of two columns, one filled with water, the other with 0.5% agarose gel in water. The pulse sequence for those images is identical to that in Fig. 1 (b) , except that for two-dimensional imaging we use only one phase-encoding gradient. Figure 3 parameters as in Fig. 3(a) shows the same SNR and resolution as the image with no foil.
Since the skin depth of about 2 mm is much larger than the thickness of the foil, there is no measurable signal attenuation. On the other hand, at 4.2 T ( proton frequency 180
MHz) the skin depth in aluminum is about 8 μm, resulting in a signal attenuation by a 9 factor of about 12. Therefore both the excitation pulse and the signal were substantially attenuated by the foil, and no image is discernible in Fig. 3(d) .
To illustrate further the absence of any screening by metal enclosures at very low frequency, we imaged a bare bell pepper and the same pepper enclosed in a metal can. Figure 4 (a) shows 6 MRI slices of a bell pepper acquired with the three-dimensional (3D) pulse sequence depicted in Fig. 1(b) . The pepper, oriented along the y-direction, was To obtain the image shown in Fig. 4 (b) the number of averages was increased from 3 to 4 to achieve the same SNR and resolution as in Fig. 4(a) .
Concluding remarks
At the microtesla imaging fields accessible with SQUID-detected MRI we have
shown that the presence of a 1.5 mm thick titanium bar induces no observable distortion in the image. At high fields, in contrast, the distortion introduced by the titanium bar was severe. At high and intermediate fields these imaging artifacts could be reduced by using a suitable pulse sequence, usually at the expense of measurement time, or adjusting the orientation of the sample relative to the imaging field direction [4] . At microtesla fields, however, the susceptibility artifacts are negligible for any given pulse sequence and sample orientation. Furthermore, we have shown that the image quality at microtesla fields is unaffected when the sample is enclosed in an aluminum can with a wall thickness of 200 µm, whereas at high fields the sample cannot be accessed at all by NMR imaging.
The fact that the distortion induced by a metal bar is negligible at very low magnetic fields BB 0 for any sample orientation suggests several novel applications. One would be able to obtain distortion-free images in the presence of metallic implants, for example, a knee with an orthopedic titanium screw. Further, assuming one could develop an open microtesla-MRI system, one might hope to be able to image and identify a tumor using the significantly enhanced T 1 -weighted contrast potentially available at low fields [ ] and to guide the biopsy of the tumor using a titanium needle. Finally, the imaging of 22 samples enclosed in metal containers at microtesla fields may find novel applications across the spectrum from industrial processing to biotechnology. 
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